The current, possibly temporary, truth in our physical understanding of the Universe has led us to four fundamental forces of Nature to which (almost) all observed interactions can be attributed. One may split these fundamental forces into two categories. The three strongest forces, in descending order of strength, are the strong nuclear force, the electromagnetic force, and the weak nuclear force, and these are incorporated in what is referred to as the Standard Model.
3)
The weak force and the strong force are those that dominate at the subatomic level, whereas the electromagnetic force governs the interaction between electrically charged particles. Beyond the Standard Model there is gravity, which regulates for example the movement of the planets. Gravity is the weakest of the known forces of Nature, something that remains a puzzle, as the current understanding is that the other forces, at high energies (i.e. in the early Universe), converge towards the same strength. Both our understanding of gravity, which is described by the General Theory of Relativity, and the Standard Model have celebrated great successes, though Gravity remains far less tested than the Standard Model due to its weakness. The Standard Model's latest success was the confirmation of the existence of a Higgs Boson at CERN, 4) announced on 4th July 2012. 5) 3) The Standard Model includes all the known particles present in Nature, differentiating them by statistical properties and physical laws which they obey, into two families: bosons (which govern the interactions); and fermions (which make up matter). The latter are divided into two groups, quarks and leptons, with their respective antiparticles. The six types of quark are coupled in three generations: the lighter more-stable (quark up, quark down), the heavier less-stable (quark charm, quark strange), followed by the quark top, quark bottom. Quarks are electrically charged, and therefore are subjected to electromagnetic interactions; in Nature they are not isolated but are held together within the nucleus by strong interactions. There are six leptons, subdivided into three generations: the electron, the muon and the tau. To each of these three particles with electric charge and mass, is associated a neutral particle called the neutrino: the electron neutrino, the muon neutrino and the tau neutrino. The leptons are elementary particles which are subject to weak interactions, electromagnetic interactions (with the exception of the neutrinos which, being electrically neutral, do not interact via electromagnetic interactions) and, like all objects having a mass, to gravitational interactions. In the Standard Model each fundamental interaction is described by a boson field and the boson carriers are the quanta of this field; however, in this theoretical framework massless particles are introduced, because otherwise the symmetry of the system would no longer be respected. The success of our current understanding does not mean that it is done, to use the words of nineteenth century physicists. Significant issues remain, and as with the issues that remained at the end of the nineteenth century, it is essentially impossible to predict what will be found and therefore what impact this may have on both our understanding of the Universe and on our everyday lives. To mention a few, we can start by highlighting the simple diagram in Figure 8 .1 that shows how we believe the Universe is made up today. Figure 8 .1 highlights two main points. First, that more than 90% of the energy in the Universe is in the form of dark matter and dark energy, both of which are place holders for unknown particles, fields, or something else. They are both called 'dark' as they are invisible, unlike stars, and as we have yet to detect their interaction with anything but gravity. Furthermore, their interaction with gravity has thus far only been inferred through indirect means; that is, to make the movements of galaxies be self-consistent with our understanding of gravity. Thus, neither the Standard Model nor the General Theory of Relativity incorporates dark matter and energy at this point, and there is not enough information yet to say how this might happen nor anything about the practical impact from such understanding. Second, no bulk antimatter in the Universe is observed. The Standard Model predicts, with considerable success in the laboratory, that matter and antimatter are -to a large extent -mirror images of each other (in a metaphorical sense; see Section 8.2). This has been tested with some precision, and thus far holds sufficiently well to lead to the expectation that rather than the Universe all being made of ordinary matter, about half of the Universe should have consisted of antimatter, but it does not.
As was the case in late nineteenth century, we have a number of outstanding issues to deal with in physics today, of which two examples are given above. The issues that had to be addressed at the end of the nineteenth century eventually led to the discovery/invention of general relativity and quantum mechanics. Quantum mechanics is a cornerstone of materials science and has given us almost everything that we take for granted in our modern society today, from computers and lasers to advanced materials and chemicals, to technological breakthroughs that have brought us great leaps ahead in medicine, as described in the first volume of this book. General relativity, while perhaps more abstract, has for example allowed us to have a functioning and relatively precise Global Positioning System (GPS), which would not have been possible by relying on the nineteenth century understanding of gravity (Figure 8 .2). All of these developments have been a long time coming since the days of Niels Bohr and others in the early twentieth century, and it would be premature to say what developments may result from resolving the current outstanding issues. How antimatter fits into this program of understanding the basic nature of the Universe, and how CERN is pushing this edge, will be discussed in the following.
Antimatter and CERN
The visible Universe -the part we deal with directly in our everyday lives -is made up of relatively few fundamental building blocks. Protons, neutrons and electrons make up the bulk of what we see. For every such particle there existsor one may say the possibility exists -of a so-called 'antiparticle' with the same mass but opposite charge. This curious fact was first realized by Paul Dirac during the late 1920s, 6) when he derived a version of quantum mechanics that took Einstein's theory of relativity into account. This was a key problem that needed solving at the time, and it is easy to see why; Rutherford, Bohr and others had realized that atoms are made up of a nucleus surrounded by orbiting electrons. However, these same electrons could easily find themselves orbiting with speeds approaching that of the speed of light, which was known to be the ultimate limit. Thus, in order to be able to describe these systems the effect of the speed limit 6) H.S. Kragh, Dirac: A Scientific Biography, Cambridge University Press, 1990. had to be taken into account. It is in fact the relativistic effect that is the reason why gold is golden and not greyish, like most metals.
7)
After the postulated existence of such 'opposite' particles to the already known particles, the first observation came quickly by Anderson in 1933. 8),9) Anderson discovered a so-called 'positive electron', that has been named the 'positron' and that is the antiparticle of the electron or antielectron. However, other antiparticles took a while to discover. The delay in discovering more types of antiparticles was due to a number of reasons, the first reason being that they are rare (as discussed above) and the Universe contains essentially none in stable conditions. The second reason was that even if they do appear, they will quickly disintegrate. This stems from a feature that gave these particles their name. When an antiparticle meets its particle 'twin' -that is, when a positron meets an electron -the two particles may disintegrate in a so-called 'annihilation'. Energy is conserved, so the energy they represent will be released, in this case in its purest form, namely that of electromagnetic waves or light. The energy can be calculated with Einstein's famous equation E = mc 2 , where m is the mass of the particles and c 2 is the speed of light squared -a very large number. Thus, Einstein's equation gives us the exchange rate between energy and mass. Conversion between energy and mass is by no means a phenomenon unique to antimatter. In a nuclear reactor, the nuclei are split into lighter nuclei in a process called 'fission', and the energy released corresponds to the difference in mass of the fission products relative to the initial nuclei. In nuclear fission less than 1% of the mass is converted to energy whereas, in an annihilation, all of the mass is converted to energy. This brings us to a final reason for the length of time it took to discover more massive antiparticles, such as the antiproton that was discovered in 1955 at the Bevatron at Berkeley in California, US.
10) Antiparticles as well as particles may be created by converting energy to mass, thus the opposite process to the one just described. More massive particles will require more energy to be produced. The antiproton, which has a mass almost 2000-fold larger than the positron, therefore had to await the advent of accelerators, such as the Bevatron, to be created in the laboratory.
Thus, antimatter and matter can be created by converting energy to mass. One way of doing this is by accelerating particles to very high energies and colliding them with each other, or with a target material at rest. This is where CERN comes into the picture. In fact, a key feature of the Large Hadron Collider (LHC) that accelerates particles to the highest energies is that it converts some of this energy to mass, creating for example the Higgs boson. Less will do to make antiprotons, but in the collisions of the LHC a large number of antiparticles are also created for brief moments until they decay or annihilate with surrounding matter. CERN serves a number of experiments that examine antimatter.
Antimatter at the LHC
At the LHC, protons are collided on protons with a nominal energy of each beam of 7 TeV. In such collisions a host of different particles and antiparticles are created, and the LHC was also constructed to create new more massive particles that could not be seen in previous machines, such as the Higgs boson. However, as the available energy is increased in order to induce more massive particles or energy-demanding processes, as well as lower energy, previously rare processes may become more common Q1
. Some of these rare processes can shed light on small asymmetries between matter and antimatter. The Large Hadron Collider beauty (LHCb) experiment at the LHC is one example of an experiment that seeks such asymmetries specifically by examining how small fundamental particles called quarks -some of which make up protons and neutrons -actually decay.
The CERN Antimatter Facility
There is another approach to studying antimatter that is also being pursued at CERN, that of precision measurements. Today, the heart of this effort is the Antiproton Decelerator (AD), 11) a unique machine that decelerates antiprotons to a low enough energy to be usable for a host of specialized experiments (Figure 8.3 ). The AD is the last in a long line of machines that has served to provide antiprotons to the CERN physics community. Initially, in the 1970s, antiprotons at CERN were collided with protons to create new particles, and this led to the discovery in 1981 of the Z and W bosons that carry the weak nuclear force. the first antihydrogen -the bound state of an antiproton and a positron -was made in 1995.
15) The low-energy antiproton facility involved three accelerators (LEAR plus the Antiproton Accumulator and the Antiproton Collector), and as CERN entered the LHC era and no longer used antiprotons at high energy, the antiproton complex was replaced by a single machine -the AD -that started delivering antiprotons for our physics community in 2000.
Precision measurements of atomic structure have for more than a century driven our understanding of atoms and quantum mechanics. This drive has led to the advent of atomic clocks, which now serve as the standards for timekeeping and that has given us the GPS. The best atomic clocks now have a precision of better than 1 part in 10 18 , a precision which would be equivalent to measuring the distance to the Sun with a one-tenth of a micron precision.
16) As more precise measurements regularly lead to new discoveries, it has long been a dream to use these atomic physics tools on antimatter, and this dream is slowly coming true at CERN.
Precision measurements on antimatter to detect small differences between matter and antimatter take several forms at the CERN AD. The ATRAP 17) (Antihydrogen Trap) and Baryon Antibaryon Symmetry Experiment (BASE 18) ) Collaborations are working with single antiprotons to detect minute variations in the magnetic moment (the small magnetic field) of the antiproton from that of the proton. Another group, Atomic Spectroscopy And Collisions Using Slow Antiprotons (ASACUSA) 19) is creating a bound state of a helium nucleus, an electron and an antiproton, which is also a sensitive probe of the antiproton magnetic moment. Color Fig.: 8.3 The activity that has caught the most headlines, and which holds promise for the highest precision comparisons is from several groups, including the Antihydrogen Laser Physics Apparatus (ALPHA), 20) Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy (AEGIS), 21) ASACUSA, ATRAP and Gravitational Behaviour of Antihydrogen at Rest (GBAR) 22) that are -or will be -making antihydrogen atoms; that is, atoms composed of an antiproton and a positron.
Some recent breakthroughs were made by the ALPHA Collaboration, which was the first to observe a resonant quantum transition in an antihydrogen atom, albeit without great precision at this early stage. 23) A separate (but potentially equally fruitful) endeavour is to compare the gravitational influence on hydrogen and antihydrogen. Due to the relative weakness of gravity, such measurements are essentially impossible with charged particles, and antihydrogen is therefore a perfect, pure and neutral antimatter candidate for such measurements. While it is not expected that antimatter behaves differently, the Standard Model does not incorporate gravity, and there is therefore only indirect evidence for how antimatter would behave. ALPHA recently made a first, very crude but direct, effort at detecting the gravitational influence on antihydrogen (Figure 8.4 ).
24)
The many successes of the antimatter facility and the very promising prospects for more precise measurements have led CERN to increase its investment in the facility. Currently, the facility is being upgraded with an additional small decelerator called 'ELENA' (Extra Low-Energy Antiprotons). 
The Anti-World in Everyday Life
While antimatter research is an exciting field that is trying to answer some of our most basic questions about the Universe, antimatter has for a long time made its mark on science fiction. However, antimatter is not just food for science fiction authors; it also holds the key to some of today's -and perhaps some of the future's -problems. Without being exhaustive, a few of the current uses of antimatter in everyday life will be highlighted here. The energy that would be released if we managed to completely annihilate 1 g of antimatter on 1 g of matter -that is, in total 2 grams of mass -is approximately 1.8 × 10
14 Joules, or the equivalent of 42 kilotons of TNT (trinitrotoluene). This enormous amount of energy has inspired science fiction authors to use antimatter as an energy storage medium for interstellar travel. However, as there is no bulk antimatter in the Universe, it would all have to be made by hand, so for every Joule of energy we wish to take out we must supply at least the same amount of energy. For comparison, the total world energy supply in 2011 was 5 × 10 20 Joule; 26) thus, with 100% conversion efficiency and doing nothing else, the entire human race could manage to make about 8 kg of antimatter per day. In practice there are many competing processes, so the loss in converting energy to mass is enormous. For example, when making antiprotons about one million high-energy protons are needed for each antiproton created. Taken together, these processes and the difficulty of storing antimatter would render antimatter economically unviable and practically irrelevant as a bulk energy storage medium.
Yet, while larger amounts of antimatter are beyond our reach, small amounts already play an important role for some practical applications. When a positron annihilates on an electron the energy is typically released as two gamma-ray photons 27) (high-energy light). These gamma-rays will pass through the human body unhindered and can be identified by detectors that can reconstruct the path they took. By injecting a positron source into the human body that attaches itself to, for example, the red blood cells that transport oxygen, one may track where the red blood cells accumulate and, thus, identify the locations in the body with the largest oxygen consumption. This technique is known as Positron Emission Tomography (PET), 28) and is widely used in hospitals worldwide. The relative ease with which a positron-emitting radioactive source can be produced 26) IEA, Key World Energy Statistics: www.iea.org, 2013. 27) As unstable atoms decay, they release radiation in the form of electromagnetic waves and subatomic particles. Some forms of this radiation can detach electrons from, or ionize, other atoms as they pass through matter; this is referred to as ionizing radiation. Alpha-and beta-particles, Xrays and gamma-rays, are all forms of ionizing radiation. Gamma-ray photons refer to electromagnetic radiation of extremely high frequency and therefore high energy per photon. has consequently led to the positron becoming a workhorse of modern medical diagnostics. 29) More recently, the technique has also been expanded to study live flows in particulate systems as an engineering aid; this procedure is referred to as Positron Emission Particle Tracking (PEPT) and was pioneered at the University of Birmingham, UK, during the 1990s. 30) The relative ease of obtaining positrons and monitoring their annihilation has also driven the development of low-energy positron sources (often based on moderating positrons from a radioactive source) that are being used for studies of both inert and biological materials using Positron Annihilation Lifetime Spectroscopy (PALS). 31) PALS works by injecting low-energy positrons into a material and observing their lifetime. A positron may form a short-lived bound state with an electron, termed a 'Positronium' (Ps); the latter tend to seek out pores in a material where it will be bouncing until it eventually annihilates. The lifetime of a positron since its creation can therefore be used to elucidate information regarding the porosity of a material. More exotic uses of positrons and Ps have also been proposed, such as a gamma-ray laser. 32) While positrons are relatively easy to obtain from radioactive sources, the larger mass of antiprotons requires higher energies and accelerator installations for their creation. Currently, CERN is one of the very few places in the world that provide a steady flow of antiprotons for experiments, and it is unique in providing low-energy antiprotons. Beyond the antiproton-based research discussed previously, antiprotons could also serve as a potential treatment for cancer. The irradiation of tumours is a standard component of the cancer therapy 'toolbox', where the most common types of radiation are X-rays and electron beams. However, heavier particles may be advantageous due to their loss profile when passing through biological material. 33) Heavier particles, such as protons or carbon nuclei that are used in more expensive (and therefore more scarce) facilities, will tend to have a limited penetration depth, close to which they deposit most of their kinetic energy, thus avoiding exposure of any living healthy tissue 'behind' the tumour. Antiprotons will, until they annihilate, deposit energy almost like protons. However, the annihilation causes an added energy deposition that is fairly localized and therefore, potentially, may only influence the tumour.
Measurements to characterize the influence of antiprotons on biological materials are also part of the CERN antimatter program, with a group called the Antiproton Cell Experiment (ACE). 34) When the first biological samples were irradiated in 2003 they showed interesting results; however, until cheaper and smaller antiproton facilities can be produced, the benefit from using antiprotons for cancer therapy will be swamped by the increased costs of creating antiproton facilities relative to the cost of carbon ions and proton facilities.
Beyond the Present Day
While antimatter is unlikely to become a household item in the foreseeable future, the applications discussed here demonstrate how fundamental research also generates wealth for society through serendipity. The discovery of the positron and other antimatter particles was motivated solely by the desire to understand and describe the world around us to the best of our ability. It is -and always has been -very difficult, if not impossible, to predict the future, and we will not fall into the trap here and try to do so. Science is no exception to this rule, as has been amply demonstrated.
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However, we have brought up a number of parallels -perhaps exaggeratedto the late nineteenth century, where seemingly good descriptions existed of most known physical phenomena, with only a few remaining to be clarified. This should serve as an inspiration for the present day where we have an almost complete Standard Model, but also a number of unexplained phenomena. The precision comparisons of matter and antimatter that are being pursued at CERN may help to elucidate some of these remaining unknowns. There is currently no reason to believe that matter and antimatter should be different in such a way that antihydrogen would 'fall' up, or that the spectrum of antihydrogen should be different from that of hydrogen. However, the effort involved in investigating these assumptions is outweighed by the momentous impact on physics that would result from any such difference being observed.
Seeing how quantum mechanics has had a finger in an uncountable number of technological breakthroughs since its discovery, probing the foundations of the theory using antimatter could potentially lead to truly groundbreaking discoveries and breakthroughs would follow thereof. Antimatter research is, therefore, a potential new vehicle by which the pursuit of ever more precise measurements will pay off to both science and society. This was perhaps the original point of A.A. Michelson's Kelvin quotation that said ' . . .our future discoveries must be looked for in the sixth place of decimals'. 
